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is the change communicated across the synapticCadherins Communicate
junction?Structural Plasticity of Presynaptic Cadherins are a family of Ca2-dependent, homophi-
lic, cell-surface adhesion molecules. E-cadherins andand Postsynaptic Terminals
N-cadherins are found in synapses, and they appear to
straddle the presynaptic and postsynaptic membranes
surrounding the active zone and the postsynaptic den-
sity (Bruse´s, 2000). Intracellularly, cadherins link to the
Synapse adhesion molecules play a key role in speci- actin cytoskeleton via catenins: -catenin binds directly
fying and facilitating the recognition of axodendritic to the cytoplasmic domain of cadherin, and -catenin
contacts. New studies by Togashi et al. and Murase is subsequently bound by -catenin, which interacts
et al. reported in this issue of Neuron reveal multiple with actin and -actinin. The cadherin-catenin complex
functions for the cadherin-catenin complex. This ad- is, therefore, well situated to facilitate the formation and
hesion complex regulates synaptogenesis and coordi- maintenance of synaptic junctions, coordinate presyn-
nates synaptic strength with presynaptic and postsyn- aptic and postsynaptic structural changes via links to
aptic organization, including the shape of dendritic the actin cytoskeleton, and furthermore, modulate the
spines. adhesiveness of synaptic junctions according to the
state of presynaptic and or postsynaptic terminals. Con-
sistent with such proposed roles for the cadherin-Synapses are unique intercellular adhesive structures.
catenin system, synaptic activity has been reported toAt the synaptic junction, presynaptic active zones car-
modify the conformational state of N-cadherin (Tanakarying docked synaptic vesicles and postsynaptic den-
et al., 2000). Impairment of cadherin adhesion blockssity-harboring neurotransmitter receptors are aligned in
the early or late phase of long-term potentiation (LTP),exact register. This precise arrangement ensures that
a long-lasting increase in synaptic strength (Tang et al.,neurotransmitter release triggers rapid and targeted ac-
1998; Bozdagi et al., 2000). In addition, N-cadherin levelstivation of a defined subset of postsynaptic neurotrans-
are significantly elevated during late LTP, a process thatmitter receptors. Considerable progress has been made
is thought to recruit new synapse formation (Bozdagi ettoward delineating the mechanisms of synaptic trans-
al., 2000). How might cadherin accomplish these tasks?mission, from the regulation of synaptic vesicle cycle
Reports by Togashi et al. and Murase et al. in this issueto the dynamic organization of postsynaptic receptors.
of Neuron reveal a multifaceted role of cadherin-cateninYet, synaptogenesis largely remains a mystery. How do
complex in regulating synaptogenesis and dendriticaxons and dendrites recognize each other and establish
spine shape through fluorescence imaging of synapsesa synaptic junction? Once synapses form and are capa-
in cultured hippocampal neurons. Their findings provide
ble of supporting synaptic transmission, how does syn-
new insights into the intricate regulatory mechanisms
aptic activity affect the structure of synaptic junction?
that facilitate synapse formation and coordinate den-
If increased synaptic activity drives the creation of addi- dritic spine shape with alterations of synaptic strength
tional synapses, does activity-driven synapse formation (see Figure).
follow the same rule as that of de novo synaptogenesis? Togashi et al. blocked endogenous N-cadherin activ-
Does lack of synaptic activity signal the disassembly of ity through competition with a dominant-negative N-cadh-
synaptic junction? erin and found that N-cadherin is required differentially
A majority of excitatory synapses in the brain are in young versus mature hippocampal synapses grown
formed onto dendritic spines, which are tiny, actin-rich in culture. First, the loss of N-cadherin activity promoted
protrusions on the sides of dendrites. In contrast to the appearance of filopodia-like spines in conjunction
presynaptic terminals that are only discernible as vari- with a loss of -catenin from axon-spine contact areas.
cosities along axons, dendritic spines are distinctive Under this condition, the overall mean spine length was
structures and provide a conspicuous cue for the pres- significantly increased with a concomitant decline in the
ence of synaptic contacts. Moreover, dendritic spines mean head width. These effects were less dramatic in
can take on many shapes. Hence, the morphological younger cultures in which dendritic spines were not fully
behavior of dendritic spines during development and in developed. Second, the expression of dominant-nega-
response to synaptic activity has received particular tive N-cadherin triggered a pronounced change in pre-
attention (Hering and Sheng, 2001; Yuste and Bonhoef- synaptic and postsynaptic organization: localization of
fer, 2001; Nimchinsky et al., 2002). Dendritic spines can synapsin, a presynaptic vesicle marker, and PSD-95, a
change shape over time courses ranging from millisec- postsynaptic scaffold protein, became more diffuse. The
onds to hours, akin to changes in synaptic strength presynaptic activity also declined, as shown by reduced
triggered by various patterns of synaptic activity. Do uptake of activity-dependent fluorescent probe, FM4-
spines change shape in order to accommodate a partic- 64. These effects were more prominent in younger cul-
ular synaptic strength? Moreover, what is the signaling tures undergoing rapid synaptogenesis. In another se-
mechanism that produces a spine shape change? Does ries of loss-of-function studies, synaptogenesis was
the structural change in dendritic spines influence compared between wild-type cultures and cultures pre-
pared from mice lacking N-catenin in which endoge-the organization of presynaptic terminals and, if so, how
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Cadherin-Catenin Complex Regulates the Or-
ganization of Presynaptic and Postsynaptic
Structures
Impairing cadherin adhesive function across
the synaptic junction and redistribution of
-catenin (red circles) into the dendrite shaft
is associated with disruption of synaptic vesi-
cle clusters (blue circles), reduction of PSD-
95 puncta (yellow rectangle), or elongation of
dendritic spines. For details and additional
effects of the cadherin-catenin complex, see
papers by Togashi et al. and Murase et al.
nous N-cadherins retain the adhesive capacity and the tion. Accumulation of dephosphorylated-mimic -catenin
mutant into dendritic spines, however, did not requireability to interact with -catenin but are unable to inter-
act with cytoskeletal components. Selective impairment NMDA receptor activation. Moreover, additional move-
ment of dephosphorylated-mimic -catenins into theof the intracellular link to the actin cytoskeleton under
constitutive conditions produced more subtle defects. spines was observed in response to depolarization of
cultured neurons. Different pathways, therefore, areThe mean spine length was increased at all develop-
mental stages of the culture. The mean head width, available for regulating cadherin-catenin complex for-
mation in dendritic spines.localization of synapsin or PSD-95, and presynaptic ac-
tivity were, however, not changed. What do the effects of N-cadherin activity on pre-
synaptic maturation and spine shape tell us? Impor-The cytoplasmic link to the actin cytoskeleton of
N-cadherin thus appears to be required for shortening tantly, these experiments illustrate that dendritic spine
shape and postsynaptic density organization are closelyof spine length; without the linkage to actin, spines are
elongated, although maturation of spine head is not matched. Furthermore, postsynaptic changes are trans-
synaptically communicated across the synaptic junctionimpaired. In contrast, N-cadherin adhesive activity is
required for organization of presynaptic and postsynap- to trigger a parallel modification of presynaptic structure
and presynaptic activity. Do these changes reflect fea-tic compartments to facilitate presynaptic activation
during early stages of synaptogenesis. This adhesive tures of synapse maturation during development and
constitutive homeostatic mechanisms that might requireactivity is dispensable once synapses have matured at
dendritic spines; however, it is required for maintenance many hours to days to manifest? Do they also operate
under activity-induced synaptic plasticity, such as LTPof the spine head.
In a complementary study, Murase et al. investigated or the late phase of LTP that take place within tens of
minutes to a few hours? In other words, are the presyn-how cadherin-dependent cell adhesion governs activity-
dependent changes in synapse morphology. They fo- aptic and postsynaptic structural changes dependent
on activity, and how quickly do they occur? The loss ofcused on -catenin, whose interaction with cadherins
is negatively regulated by tyrosine phosphorylation. N-cadherin function experiments by Togashi et al. did
not manipulate neuronal activity and required at least 2Tyrosine kinase inhibitor promoted redistribution of
-catenin into spines, suggesting that under normal days, and the effect of -catenin point mutants by Mu-
rase et al. was also examined independently of activityconditions, constitutive phosphorylation of-catenin re-
serves substantial levels of -catenin, which is free from 18–24 hr later. Furthermore, the expansion of synapsin
and PSD-95 clusters was not examined in response tocadherins in the dendrite shaft. Postsynaptic expression
of a mutant -catenin in which phosphorylation was rapid -catenin redistribution triggered by synaptic ac-
tivity. It thus remains to be seen whether the cadherin-prevented resulted in its accumulation at spines. In con-
trast, expression of a phosphorylation-mimic mutant ac- dependent reorganization of presynaptic and postsyn-
aptic structures requires synaptic activity and whethercumulated in the dendrite shafts. Spine localization of
-catenin is thus regulated by its tyrosine phosphoryla- it occurs in response to facilitated formation of cadherin-
catenin complex within the time course of expressiontion. Interestingly, accumulation of the dephosphoryla-
tion-mimic -catenin mutant in spines was accompa- of long-term synaptic plasticity.
N-cadherin loss-of-function experiments that affectednied by an increase in the size of synapsin and PSD-95
clusters. Furthermore, presynaptic activity was elevated, presynaptic and postsynaptic structural changes have
been designed to impair adhesiveness of N-cadherin inas judged by an increase in FM4-64 dye uptake and
the rate of spontaneous neurotransmitter release. These both presynaptic and postsynaptic membranes. This is
because the expression of the dominant-negative cadh-effects are consistent with the observation by Togashi
et al. that synapsin and PSD-95 punctae and FM4-64 erin in the postsynaptic cell is sufficient to block the
formation of homophilic N-cadherin adhesion across thedye uptake were decreased when spine localization of
-catenin was impaired upon expression of dominant- synaptic junction. In contrast, -catenin phosphoryla-
tion mutants were expressed solely in postsynaptic cellsnegative N-cadherin. In the Murase et al. study, redistri-
bution of -catenin to dendritic spines also occurred under the condition in which at least some of the presyn-
aptic and postsynaptic cadherin adhesion must be pre-upon increased synaptic activity within 30 min of stimu-
lation in a mechanism that required NMDA receptor activa- served. Yet, postsynaptic recruitment of -catenin to
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Bonhoeffer, 2001; Nimchinsky et al., 2002). Early spines 25, 93–107.
are often thin and elongated, and filopodia are promi-
Tang, L., Hung, C.P., and Schuman, E.M. (1998). Neuron 20, 1165–
nent; with maturation, spine length decreases, and the 1175.
proportion of mushroom spines increases. Recently, it Togashi, H., Abe, K., Mizoguchi, A., Takaoka, K. Chisaka, O., and
has been demonstrated that the geometry of dendritic Takeichi, M. (2002). Neuron 35, this issue, 77–89.
spines correlates with the distribution of AMPA recep- Yuste, R., and Bonhoeffer, T. (2001). Annu. Rev. Neurosci. 24, 1071–
tors where mushroom spines contain abundant AMPA 1089.
receptors, whereas thin spines and filopodia contain
sparse amounts of AMPA receptors (Matsuzaki et al.,
2001). The requirement for N-cadherin activity in spine
length shortening and for forming and/or stabilizing
mushroom spines in developing synapses suggests that
Head, Neck, and Spines:N-cadherin may play an important role in regulating the
transformation of synapses containing only NMDA re- A Role for LIMK-1
ceptors to those synapses containing abundant AMPA in the Hippocampus
receptors. Such awakening of silent synapses has been
proposed as a mechanism not only for activity-depen-
dent synaptogenesis, but also for early LTP expression
(Constantine-Paton and Cline, 1998). Consistently, block- LIM kinase 1 regulates actin filament dynamics
ade of cadherin adhesion interferes with early LTP (Tang through inhibition of ADF/cofilins. Surprisingly, ner-
et al., 1998; but see Bozdagi et al., 2000). Whether vous system development in LIM kinase 1 knockout
N-cadherin’s role in facilitating presynaptic organization mice is grossly normal, but the animals have deficits
manifests during early LTP or it is apparent only during in spatial learning, alterations in LTP, and abnormali-
the late phase of LTP (Bozdagi et al., 2000) requires ties in hippocampal dendritic spine structure. The find-
further clarifications. ings are consistent with a role for LIMK-1 in synapse
Despite the seemingly complicated mechanisms of formation and function.
control exerted by the cadherin-catenin system, these
studies firmly establish the importance of the synapse Dendritic spines are highly dynamic, pleomorphic struc-
adhesion complex in regulating synapse morphology tures making up the majority of the synaptic connections
and synaptic strength, providing a direct link between within the hippocampus (for a general review of dendritic
synapse structure and function. Recent advances in real- structure and function, see Nimchinsky et al., 2002). The
time imaging of presynaptic and postsynaptic markers is size, shape, and number of spines are associated with
likely to shift some of the limelight of structure-function the formation and maintenance of memory and learning.
studies from dendritic spines to presynaptic terminals Changes in spine structure and number have been impli-
and also to inhibitory synapses that lack spines. We will cated in synaptic plasticity and long-term potentiation
then be able to discern some of the fundamental rules (LTP). Mechanisms of how spines form, stabilize, desta-
by which synaptic adhesion molecules coordinate pre- bilize, and establish synapses are still being determined,
synaptic and postsynaptic structures and synaptic but are most likely the product of multiple cellular signal-
strength. ing pathways. Spine morphology, which may in the end
affect LTP, is controlled by changes in actin filament
structure (Krucker et al., 2000). The actin filaments are
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nism of dendritic spine formation and function. LIMK-1,
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